ABSTRACT. Humanmammarycarcinoma cell line MCF-7cells grown on type I collagen gels floating in a medium occasionally invaginated into the gels as a cell mass and formed cylindrical or domed structures within it. The 0.05% Triton-insoluble cytoskeleton of such cellular structures sedimented as a white flocculent layer at the boundary between 60 and 70% sucrose layers by ultracentrifugation, and consisted of 4 basal components: 54-kD (/?-tubulin), 45-kD, 42-kD (actin), and 39-kD polypeptides. By contrast, the isolated cytoskeleton of MCF-7 cells grown as monolayers on plastic substratum formed a finer cytoskeletal network with a smaller buoyant density and consisted of two distinct polypeptides with apparent molecular sizes of 80-kD and 65-kD in addition to the 4 basal components found in the morphologically developing cells. The present results indicate that the cytoskeleton of MCF-7cells forming the three-dimensional cellular structures within collagen gels is lacking in these two polypeptides, and that it has a coarser cytoskeletal network with a greater buoyant density than that of the monolayeredcells on plastic.
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The mammary gland, which grows and forms a branched ductal structure within fat tissues during adolescence in the female (19) , provides a complex and yet versatile model for studies of hormonal responsiveness, functional differentiation, and morphogenesis of mammaryepithelial cells. Most of the early studies on the morphogenesis of this gland were performed either in vivo (4) or in organotypic cultures (7) . Subsequent investigations in vitro using collagen gels as an extracellular matrix in place of fat tissues showed that mammary epithelial cells could proliferate and morphologically develop to produce three-dimensional structures (5, (16) (17) (18) 24) . This indicated that the differentiated function of the cells was retained or could be induced in such cells if the environment was correct. In fact, investigators using a variety of culture supplements succeeded in growing cells retaining certain functions. However, there is little knownabout the molecular aspects of cellular factors participating in the morphological development of the mammary epithelial cells.
Cytoskeletal components, including microtubules, actin filaments (3), and intermediate filaments (9) , are generally thought to be involved in the morphological development of cells. Culture ofMCF7cells on collagen gels. For standard culture using collagen gels, a collagen layer (0.5 ml) was formed in each well of 24-well plastic plates (Greiner) by mixing in the cold 7 volumes of 0.3% acid-soluble type I collagen solution (Cellmatrix type I-A, Nitta Gelatin, Osaka, Japan), two volumes of 5-fold concentrated medium, and one volume of 0.08 N NaOH in 0.2 M N-2-hydroxyethylpiperadin-N'-2-ethanesulfonic acid (HEPES). Cells grown as monolayer cultures were harvested by treatment with 0.25% trypsin and 0.1% EDTA(Sigma Chemical Co.), and the number of viable cells was counted by a hemocytometer. Cell density was ad-justed to 106/ml and a 10-//1 drop of the cell suspension was placed onto each 0.5-ml collagen gel layer. After the culture plates had been kept at 37°C for 2h, the cells in each well were flooded with 1 ml of culture medium. Each collagen gel layer was detached from the plastic plates after confluence of cells on the gels had been achieved. Medium change was performed every second day throughout the culture period.
Histology. For histological observation, cells in collagen layers were fixed with 10% buffered-formalin, dehydrated, and embedded in paraffin. Sections at 4 //m were stained with hematoxylin and eosin.
Preparation of isolated cytoskeleton. Cells grown in monolayercultures at near confluence were rinsed twice with PBS and harvested with a rubber policeman, followed by centrifugation in stabilizing buffer (8) , designated as SB and confisting of 0.15M NaCl, 1 mMMgCl2, 1 mMEGTA, 2mM ATP, 20 mMHEPES (pH 6.9), and 0.5 mMphenylmethanesulfonyl fluoride (PMSF). Then the cells were lysed in 5 volumes of SB containing 0.05% Triton X-100 and 30% glycerin (8) and homogenized in a Dounce homogenizer by 5 strokes with a tight-fitting pestle at room temperature (20°C). MCF-7 cells that had invaginated into collagen gels and formed cylindrical or domedcell structures were rinsed twice with PBS and dissected from the collagen gels into small fragments in SB. Thus dissected, the gel fragments containing the cell structures were gently vortexed in SB containing Triton X-100 and glycerin. After removal of the collagen gels by centrifugation at 3,000 rpm for lO min at room temperature, cells were Dounce-homogenized as described above. The cytoskeleton was isolated through a discontinuous sucrose gra- Co., Tokyo, Japan) equipped with an RPS50-2 rotor. Isolated cytoskeleton was identified as a white flocculent layer in the sucrose gradient. Electron microscopy. For negative staining of the cytoskeleton, a drop of isolated cytoskeleton in sucrose solution was applied onto a carbon-coated collodion supporting film that had been treated with 5% poly-L-lysine (Sigma Chemical Co.) solution. The preparations were then negatively stained with 6% uranyl acetate. Electron microscopy was performed with a Hitachi H7000 transmission electron microscope (Hitachi Ltd., Tokyo, Japan tion, the isolated cytoskeleton was suspended in 0.01 MTris-HC1 (pH7.4), 0.15 M NaCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS, and 1 mMPMSF. Antibodies were added, and the mixture was incubated at room temperature for 90 min. Then a slurry of Protein A Sepharose (Pharmacia AB) was added and incubation continued for another 60 min. Finally, the Sepharose was washed 4 times by centrifugation with PBS (pH 8.6), containing 0.5% NP-40 and 0.1% SDS. In some experiments, the cytoskeletal proteins separated in SDS-polyacrylamide gels were electrophoretically transferred (20) onto a polyvinylidene difluoride membrane (Millipore Corp., Bed ford, MA) (10) . The cytoskeletal components transferred onto the membrane were incubated with each of the antibodies in 0.1 M Tris-HCl (pH 7.5), 0.1% Tween 20, and 0.9% NaCl at room temperature for 1 h. The reactivities of the antibodies were visualized with a Vectastain ABCKit (Vector Laboratories, Burlingame, CA), which utilizes an avidin-biotin amplification procedure (6).
RESULTS

Morphology.
Human mammary carcinoma cell line MCF-7cells assume an epithelial-like morphology on the surface of plastic culture dishes containing growth medium (Fig.   la) . Under the culture conditions employed in the present study, no morphological development could be induced in cells even after the confluence of cells on plastic dishes. Whencells were seeded on type I collagen gels, they grew as multilayers and formed a round sheet of cells after a 3-or 4-day culture period. One weekafter the collagen gels were detached from the plastic plates, the cell mass at the central region of the cellular sheet occasionally invaginated into the floating gel and formed a cylindrical (Fig. lb) or domed cellular structure (Fig. lc) within the gel. The incidence of such three-dimensional cell structures was in the range of 20 to 50% of the cultures.
Histology. Microscopic observation of longitudinal sections demonstrated that a representative cylindrical structure formed by MCF-7 cells projected downward into the collagen gel layer (Fig. 2a ). An enlargement of the area designated by the rectangle in Fig. 2a shows that there were manymitotic cells in the apical region of the cylindrical structure and that cells facing toward the collagen layer were flattened (Fig. 2b) .
Cross sections revealed that the cylindrical structure was composed of a cell layer consisting of multilayers of cells with varied thickness and that manysmall duct-like structures were contained in the cell layer (Fig. 3a) . Formation of the early duct-like structures defined by 10 to 20 cells was more discernible in small lamellar structures protruding along the large cylindrical one (Figs. 3b and c) . These structures resemble the histological features of intraductal carcinomas of human breast cancer. Isolation of Cytoskeleton. MCF-7 cells grown as monolayers on the plastic dishes were harvested and lysed with 0.05% Triton X-100-containing solution. The detergent-insoluble cytoskeleton mainly sedimented as a white flocculent layer at the boundary between 50 and 60%sucrose layers with some portions being distributed in the 60%sucrose layer after ultracentrifugation (Fig. 4, left) . Contrary to this, the 0.05% detergent-insoluble cytoskeleton of MCF-7 cells forming three-dimensional cellular structures sedimented at the boundary between 60 and 70% sucrose layers (Fig. 4, right) . Electron Microscopy of Cytoskeleton. Negative staining of the cytoskeleton isolated from MCF-7cells in monolayer cultures as the 0.05% Triton-insoluble fraction assumed a fine network morphologyand there were no obvious fibrous structures (Fig. 5a ). The cytoskeleton isolated from morphologically developing MCF-7cells was coarser than that isolated from monolayer-cultured cells (Fig. 5b) . Two-dimensional Gel Electrophoresis. The cytoskeleton that sedimented as a white flocculent layer in the sucrose gradient was collected and analyzed by two-dimensional gel electrophoresis. The cytoskeleton from MCF-7cells in monolayer cultures consisted of several prominent polypeptides with apparent molecular sizes of 80-, 65-, 54-, 45-, 42-, and 39-kD (Fig. 6a) . By contrast, the cytoskeleton of morphologically developing cells within collagen gels virtually consisted of 4 prominent polypeptides with apparent molecular sizes of 54-, 45-, 42-, and 39-kD, while the other two polypeptides with apparent molecular sizes of 80-kD and 65-kD were only trace components (Fig. 6b) . The gel patterns of the cytoskeletal componentsof MCF-7cells grown under either culture conditions were highly reproducible.
Among the 0.05% Triton-insoluble cytoskeletal components from MCF-7cells grown in monolayer cultures, the 54-kD polypeptide reacted with anti-tubulin (fi chain) antibody when assayed by immunoprecipitation (Fig. 7a) . This polypeptide was also recognized by the same antibody by the immunostaining assay after blotting onto a transfer membrane. A polypeptide with an apparent molecular size of 42-kDwas found to react with anti-actin antibody (Fig. 7b) . total polypeptides derived from monolayer-cultured cells, the total polypeptide fraction of morphologically developing cells (Fig. 8b ) also contained a large amount of polypeptides derived from the collagen gels (Fig. 8c) . Subtraction of the collagen gel-derived polypeptides from the total polypeptide moiety revealed that the amount of both 80-kD and 65-kD polypeptides were also very small in the total cellular polypeptides (Fig. 8e) as were those in the 0.05% Triton-insoluble fraction.
DISCUSSION
Humanmammarycarcinoma cell line MCF-7cells grown on plastic dishes formed no three-dimensional cellular structures. However,whenseeded on collagen gels on plastic plates, from which they subsequently detached on growth medium, they occasionally invaginated into the gels as a cell mass to produce cylindrical or domedstructures within it. This result suggests that MCF-7cells retain at least part of their potential to morphologically develop within collagen gels in spite of their histological resemblance to intraductal carcinomas rather than normal mammarygland cells. The invagination of cells into collagen gel as a cell mass and formation of three-dimensional cellular structures within it are accompanied by a significant change in cell shape as compared with the cell shape in monolayer cultures. Such change in cell shape has been suggested to be induced by the contraction of collagen gel (1). However, it is also possible that the contraction of the gel may be induced by the cells grown within it since no contraction of the gel is observed in the absence of cells. The cellular factors that can interact with collagen gel as an extracellular matrix and can regulate cell morphology are generally thought to be the cytoskeletal componentssuch as microtubules, actin filament (3), or intermediate filaments (9) . The present study demonstrated that MCF-7cells forming 42-, and 39-kD, and was virtually lacking in 65-and 80-kD polypeptides found in the monolayered cells. The lack of these latter two polypeptides cannot attributed to their altered solubilities in the detergent since the relative amount of each of them detectable in the total polypeptide moiety is also very small. While the former 4 polypeptides were also insoluble in 0.5% Triton, the latter two polypeptides were soluble in the detergent at 0.5% (unpublished observation). It is conjectured that the coarser cytoskeletal network mayenable cells to invaginate into the gel to form three-dimensional cellular structures within it, accompanied by a change in cell shape. In monolayer cultures of MCF-7cells, a fine cytoskeletal network consisting of the 65-kD and 80-kD polypeptides in addition to the 4 polypeptides maybe required for cells to spread in a flat layer over the solid plastic substratum. Hence, it is and 42-kD (actin) polypeptides, the 45-kD and 39-kD polypeptides and the two polypeptides which were specific for cells in monolayers failed to react with the antibodies used: anti-cytokeratins, anti-vimentin, and anti-a-tubulin.
The absence of vimentin in MCF-7 cells was in agreement with the previous finding (12) . With respect to their mobilities on two-dimensional gels, the 45-kD and 39-kD polypeptides may correspond to cytoskeratin 18 (45-kD) and 19 (40-kD), respectively (13) . The other two polypeptides, the 65-kD and 80-kD ones, may not correspond to fimblin (68-kD), or villin (95 kD) (1 1). The latter polypeptide also has an apparent molecular size similar to that of a polypeptide found in brush borders of chicken small intestine epithelial cell (2) or to that of radixin (82-kD) found at the cellto-cell adherens junction in various types of rat tissues, including small intestine (21) . Further characterizations of the polypeptides, especially those that failed to be recognized by the antibodies used in the present study, will be required to clarify their possible roles in the regulation of cell shape and morphological development.
